Introduction
Lipids constitute a diverse and important group of biomolecules. Most lipids are amphiphilic compounds and behave as lyotropic liquid crystals. In the presence of water, they self-assemble into a variety of phases with different geometry. The lipids' ability to form various crystalline, gel and liquid-crystalline phases as a function of water content, temperature and composition is one of their most remarkable features. The mutual transformations between these phases and their physiological implications are the subject of the present review.
Discussion
The authors have referenced some of their own studies in this review. The protocols of these studies have been approved by the relevant ethics committees related to the institutions in which they were performed.
Phase transition types
Lipids self-assemble into a variety of different phases as a function of their chemical structure and of external variables such as water content, temperature, pressure and aqueous phase composition. These phases are made of aggregates of different architecture, with the aggregation process driven by the hydrophobic effect ( Figure 1) . The lipid phases shown in Figure 1 are mutually related and transform into each other via phase transitions driven by temperature, pressure, lipid composition, water content and so on.
Temperature and water content are primary variables, responsible for the lipid thermotropic and lyotropic phase behaviour. Best known is the phase behaviour of diluted lipidwater systems with water contents sufficient not only for full hydration of lipid molecules (so-called excess water limit) but also for transitions into mesomorphic phases with complicated spatial geometry and large internal aqueous volumes such as the inverted bicontinuous cubic phases ( Figure 1P , Q, R), which require water content well above the excess water limit for their unhindered development.
A generalized phase sequence of thermotropic phase transitions in membrane lipids (phospholipids and glycolipids) may be written as follows 1 : -micellar M II . Some lipids can form two or more modifications of a given phase, for example, gel phases of different structures (interdigitated, tilted, rippled; see Figure  1C -E) and bilayer cubic phases of different topology (see Figure 1P- Typically, double-chain lipids only form L α and inverted phases, whereas single-chain lipids can also form normal phases and micellar solutions. The phase sequence (II) is rationalized by the effect of water content on the effective shape of the lipid molecules. Low hydration levels lead to tighter packing and smaller-surface molecular areas of lipid polar head groups, resulting in negative interfacial curvature and a tendency to form inverted phases. With an increase in water content, the surface molecular area expands; consequently, the concave interfaces of inverted phases sequentially transform into the flat interface of the L α phase and into the convex interfaces of the normal mesomorphic phases. Further dilution results in dissipation of periodic lipid structures and formation of micellar solutions (and eventually monomer solutions at high dilutions, below the critical micellar concentration [CMC]).
Gel-liquid-crystalline phase transition
From a biological viewpoint, of greatest interest are the transitions involving physiologically important lamellar liquid-crystalline phase, namely, the gel-liquid-crystalline (melting) transition and the lamellar-non-lamellar mesomorphic transitions.
The lamellar gel-lamellar liquidcrystalline (L β -L α ) phase transition, also referred to as melting, orderdisorder, solid-fluid or main transition, is the major energetic event in lipid bilayers, taking place with a large enthalpy change. It involves rotameric disordering of hydrocarbon chains, increased head-group hydration and increased intermolecular entropy 4 
.
The energy required to expand the hydrocarbon chain region against attractive van der Waals interactions (volume expansion) and to increase bilayer area (increased hydrophobic exposure at the polar-apolar interface) contributes to the large transition enthalpy change.
The gel-liquid-crystalline transitions in fully hydrated lipids are accompanied by large increases in lipid surface area (~25%) and specific volume (~4%). In calorimetric measurements, they manifest as sharp, narrow, heat-capacity peaks with enthalpy of approximately 20 to 40 kJ/mol 5 . Also, large-volume fluctuations give rise to a strong increase in the isothermal bilayer compressibility at the melting transition temperature 6 . As a result of a dramatic increase in bending elasticity, large
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III. bilayer undulations (anomalous swelling) have been observed at the melting transition [7] [8] [9] . The temperature of melting transition is determined largely by the hydrocarbon chains; the longer and more saturated they are, the higher the transition temperature 10, 11 ( Figure 2A ). For lipids with unsaturated chains, the position and type of the double bond substantially modulate the melting temperature 12 ( Figure 2B ). In addition, the melting temperature is affected also by chain branching and by the chemical linkage between the chains and the polar head group. Anhydrous lipids with identical hydrocarbon chains exhibit melting-phase transitions at nearly identical temperatures. In aqueous dispersions, however, the head-group interactions and lipid-water interactions largely modify the lipid phase behaviour.
Most of the membrane lipids have two different hydrocarbon chains, usually one saturated and one unsaturated; most common are the glycerophospholipids with saturated sn-1 chain, typically 16-to 18-carbon-atom long, and unsaturated sn-2 chain, typically 18-to 20-carbon-atom long. An overview of the gel-liquid-crystalline (L β L α ) transition temperatures of mixed-chain phosphatidylcholines (PCs) 13 make it evident that altering the lipid chain length and unsaturation modulates the lipid phase state in very broad limits, thus providing the mechanism of membrane adaptation to variations in the environmental temperature.
Formation of non-lamellar phases in membrane lipids
Dispersions of double-chain nonlamellar membrane lipids frequently display a lamellar-inverted hexagonal, L α -H II , phase transition. In some instances, they can also form inverted phases of cubic symmetry. The lamellar-non-lamellar transformations play an important role in membrane elastic energy 14, 15 . The L α -H II transition may be considered a result of competition between the spontaneous tendency of lipid layers to bend and the resulting hydrocarbon chain packing strain; thus, membranes exist in a state of frustrated curvature stress 16 . Respectively, the L α -H II transition is believed to be driven by the relaxation of lipid monolayer curvature toward their spontaneous curvature. In contrast to the L β -L α transition, the L α -H II transition temperature decreases with an increase in the hydrocarbon 11, 19 . Whereas, longer-chain representatives of these lipid classes exhibit direct L α H II phase transitions, skipping the Q II B phase, the decrease in the chain length to 12 carbon atoms results in the appearance of intermediate Q II B phase. X-ray diffraction studies show that Q II B formation in PEs proceeds much easier upon cooling from the H II phase than upon heating from the L α phase [20] [21] [22] , thus identifying an indirect but rather fast route for cubic phase induction in lipids. Remarkably, both methods for induction of Q II B (slow isothermal conversion vs heating-cooling cycle) result in formation of Im3m phases with identical X-ray patterns and lattice constants. In many cases, a Q II B phase can be induced by means of temperature cycling through the L α -H II transition 20, 23 . Admixtures of charged phospholipids, both anionic and cationic, strongly facilitate the Q II formation in PEs 22, 24 . We assume that the charged lipids facilitate the transformation into cubic phase by increasing the electrostatic repulsion between the lipid bilayers and reducing in this way the unbinding energy required for dissipation of the L α phase prior to its conversion into bilayer cubic phase 22 . [25] [26] [27] . PEGlipid conjugates are another class of anionic lipids widely used in drug delivery and have been reported to induce cubic phase in PEs 28, 29 . The membrane PCs are bilayerforming lipids unable to transform into the non-lamellar phase even at very high temperatures. However, formation of inverted hexagonal and cubic phases has been observed in PC mixtures with other lipids, which alone also do not form a cubic phase. Prominent examples are the PC/ fatty acid binaries (DLPC/lauric acid, DMPC/myristic acid, DPPC/palmitic acid and DSPC/stearic acid), which have been found to form all known inverted phases at specific PC/fatty acid molar ratios [30] [31] [32] , as well as some PC/cholesterol mixtures with high cholesterol content 33 . An inverted micellar cubic phase of space group Q 227 (Fd3m) is frequently observed in lipids. It is located at temperatures above the H II phase in the general phase sequence (I). This phase consists of two types of spherical inverse micelles of different diameters packed in an ordered array of cubic symmetry 34 . It has been observed mainly in mixtures of a strongly polar lipid such as PC with a very weakly polar amphiphile such as diacylglycerol or a fatty acid. The only reported examples of a single lipid forming the Fd3m phase are the dialkyl xylopyranosylglycerols of chain length C16-19 35 and the diphytanyl glucosyl glycerol 36 .
Polymorphic transitions between solid lipid phases
At temperatures below the main transition, a basic equilibrium structure is the subgel (crystalline) L c phase. Its formation usually requires prolonged low-temperature incubation. In addition to the L c phase, a large number of intermediate stable, metastable and transient lamellar gel structures are adopted by different lipid classeswith perpendicular or tilted chains with respect to the bilayer plane, with fully interdigitated, partially interdigitated or non-interdigitated chains, rippled bilayers with various ripple periods and so on ( Figure 1) . A number of polymorphic phase transitions between these structures have been reported. Examples of polymorphic transitions are the subtransition (L c -L β' ) and the pretransition (L β' -P β' ) in PCs 12 . Recently, a polymorphic transition including rapid, reversible transformation of the usual gel phase into a metastable, more ordered gel phase with orthorhombic hydrocarbon chain packing (so-called Y-transition) was reported to represent a common pathway of the bilayer transformation into the subgel (crystalline) L c phase (Figure 3) 37 .
Reversibility of the lipid phase transitions: transition hysteresis and formation of metastable phases
Due to long relaxation times, especially in the transition vicinity, lipid phase transitions often display pronounced hysteresis ending up with formation of metastable phases in cooling scans. The metastable phases can have longer lifespan and display no spontaneous conversion to the equilibrium state on extended time scales 1 . A large number of rate-limiting factors have been suggested as physical reasons leading to hysteretic behaviour and formation of metastable phases: long hydration/ dehydration times, slow reformation of hydrogen-bond networks, restricted molecular motion in the
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Licensee low-temperature solid-solid transformations, relative stability of the interfaces between solid and fluid domains, large spatial rearrangements in lamellar-non-lamellar transitions, low rate of appearance of critical-size nuclei of the nascent phase and arrestment in local freeenergy minima.
Biological relevance of lipid phase behaviour
Lipids participate in diverse biological processes (energy storage and fat digestion, as enzyme cofactors, electron carriers, light-absorbing pigments, intracellular messengers; hormones, as constituents of the pulmonary surfactant, the skin stratum corneum and so on). However, the issue of their phase behaviour in water is particularly relevant and has been most often discussed in relation to their major structural function as building blocks of biological membranes.
The major discovery in the field of biological membranes is undoubtedly the finding that biomembrane is a liquid-crystalline lipid bilayer with embedded proteins [38] [39] [40] . This so-called fluid-mosaic model 38 has been the central paradigm in membrane biology for more than four decades and has been very successful in rationalizing a large body of experimental observations. The model includes two references to the lipid phase state, liquid crystalline and bilayer, both of which are of vital importance for proper biomembrane functioning. However, as discussed earlier, the membrane lipids are also able to form a large variety of other phases in addition to the L α phase (Figure 1) . A remarkable viewpoint from the biological property of lipid dispersions is that the transition temperatures limiting the stability ranges of different phases can be altered by tens of degrees by varying the composition of lipid-water system 13 . The option to modulate the lipid phase behaviour in broad limits by varying the lipid composition appears to represent the basis of important regulatory mechanisms involved in the biomembrane responses to changes in environmental conditions as well as for the regulation of various membrane-associated processes.
Non-lamellar lipid structures in the biomembranes
Recent developments indicate that the ability of lipids to form nonlamellar structures is a prerequisite for important membrane-associated processes 41 . Prokaryotic organisms have been demonstrated to maintain a delicately adjusted balance between lamellar-forming and nonlamellar-forming lipids supporting the membranes in the vicinity of lamellar-non-lamellar phase transformations 42 , which suggests that non-lamellar structures play a vital role in membrane functioning. Shortlived non-bilayer structures are supposed to mediate the processes of fusion and fission, and long-lived bilayer structures with small radius of curvature occur in some types of biological membranes (e.g. endoplasmic reticulum, inner-mitochondrial membrane, prolamellar bodies). Membrane phase transitions take place in the course of different cellular processes [43] [44] [45] [46] . For example, the action of anaesthetic agents is believed to correlate with a lamellarcubic transition in membranes 47 . The pro-lamellar bodies in the etioplasts of dark-grown seedlings are organized into a cubic lipid phase; they undergo a light-induced phase transition to lamellar phase-the thylakoid membranes of chloroplasts. Cubic patterns have been inferred from the electron micrographs of many cytomembranes 48, 49 . Thus, the study of the roles played by membrane lipids, the functional lipidomics, is becoming increasingly important in membrane biology.
Modulation of membrane protein activity
The abundance of non-lamellar lipids in membranes is believed to be due to their ability to modulate the activities of membrane proteins 15, 50 . It has been recognized that membranes exist in a state of curvature frustration, which may be sufficiently large to have a significant effect on certain protein conformations 16 . Several examples show that the lipid bilayer elastic curvature stress indeed couples to conformational changes of membrane proteins 15, 51, 52 . Protein kinase C is one such example of an enzyme activated by lipids exhibiting propensity for non-lamellar phase formation 53 . The activity of Ca 2+ -ATPase from sarcoplasmic reticulum membranes also strongly correlates with the occurrence of non-bilayer lipids in the membrane and increases with the increase of their amount. Noteworthy, the protein activity does not depend on the chemical structure of lipids but only on their phase propensity; thus, specific binding interactions are ruled out. The list of proteins with activities depending on the phase properties of the surrounding lipid includes rhodopsin, dolichylphosphomannose synthase, mycoplasma Mg 2+ -ATPase, mitochondrial ubiquinol-cytochrome C reductase and H + -ATPase 54, 55 . The transition from liquid crystalline to gel phase, which results in a marked change in the physical properties of lipid bilayer, also strongly affects the activities of membrane proteins. Membrane proteins, for example, the Ca 2+ -ATPase, show low activity in gel phase bilayers, due to the effect of gel phase on protein conformation 55 . An increase in bilayer thickness during a liquid-crystallinegel transition also affects the activity of membrane proteins, for example, that of the diacylglycerol kinase 51 .
Membrane fusion
Membrane fusion is an essential process in the life of cells found in a variety of key extra-and intra-cellular events, for example, exocytosis, vesicular transport, fertilization, neurosecretion and viral infection. This process is also of intense biomedical interest, especially for drug delivery systems. The propensity of membranes to fuse correlates with the fraction of inverted phase-forming lipids; conversely, membrane fusability is reduced with an increase in lipid fraction that inhibits inverted phase formation. There is substantial evidence that the mechanism of lipid membrane fusion is related to the mechanism of lamellar-inverted phase transitions 14 . The intermediates that form in membrane fusion appear to be identical to those that form during the transformations from lamellar into inverted bicontinuous cubic phases, and these transitions can be successfully used as a model for studying the mechanism of lipid membrane fusion.
Nonuniform lipid distribution in membranes: lipid rafts
Growing awareness regarding the non-uniform lateral and transmembrane organization of lipids in membranes 44, 56, 57 has given rise to new developments of the fluid-mosaic biomembrane model 41 . A remarkable recent advance is the widely discussed formation of membrane rafts, which represents a specific case of a lipid demixing transition 2 . Rafts are microdomains, enriched in certain kinds of lipids such as cholesterol, sphingomyelin, saturated glycerophospholipids and glycosphingolipids, residing in the so-called liquid-ordered phase, which is immiscible with the regular liquid-crystalline (disordered) phase. Although the in vivo existence of lipid rafts still remains a controversial topic 58 , the liquid-ordered microdomains and the cases of liquid-liquid immiscibility 59 have attracted much attention, both as novel features in the membrane organization and for their potential importance in phenomena such as membrane signalling and differential trafficking of various membrane components.
Membrane adaptation and protection in extreme external conditions
External temperature variations, for example, seasonal variations, pose a severe challenge for the maintenance of normal physiological activity in poikilothermic organisms, which are unable to regulate body temperature, as well as in plants and bacteria. The dominant factor accounting for acquired protection to low temperature damage relates to the membrane lipid composition. Cold conditioning generally leads to increased proportion of unsaturated fatty acids in major phospholipid classes 45, 60 . Since increased chain unsaturation strongly reduces the gel-liquid-crystalline phase transition temperature of lipids 13 , the increase in the content of unsaturated fatty acids serves as an adaptation mechanism allowing to maintain the membrane in its physiological liquid-crystalline state also at much lower temperatures.
In many cases, the preservation of membrane homeostasis upon strong changes in environmental conditions, such as low temperatures, high salinity and dehydration, is attained by means of synthesis of water-soluble compounds. Low-molecular compounds with various chemical structures-saccharides, polyols, amino acids-are known to be natural protectors and osmoregulators. It is important to note that all protectors modulate the membrane phase behaviour by their virtually identical physical mechanisms. Despite their different chemical structures, all natural cryo-and lyo-protectors are kosmotropic substances (water-structure makers) that stabilize the inverted hexagonal non-lamellar phase at the expense of the lamellar phase by shifting down the lamellar-nonlamellar phase transition temperature 61 . This unusual result becomes meaningful in the context of reports showing that biomembranes of various (prokaryotic) organisms display optimum activity when they reside in close proximity to their lamellarnon-lamellar phase boundary 42 . This way, upon large drops in environmental temperatures, by decreasing the lamellar-non-lamellar transition temperature, the accumulating kosmotropic cryoprotective compounds maintain the membrane state in the vicinity of lamellar-non-lamellar phase boundary.
Cationic lipids in gene delivery
Synthetic cationic lipids, which form complexes (lipoplexes) with polyanionic DNA, are presently the most widely used constituents of non-viral gene carriers. A large number of cationic amphiphiles have been synthesized and tested in transfection studies. Data on the relationships between transfection activity and cationic lipid molecular structure showed that the transfection activity depends in a systematic way on the lipid hydrocarbon chain structure 62, 63 . Studies on a large series of cationic phosphatidylcholine derivatives have demonstrated that the transfection efficacy not only depends on the lipid hydrocarbon chain structure but also closely correlates with the propensity for non-lamellar phase formation in cationic phosphatidylcholine mixtures with membrane lipids. The data analysis shows that optimum transfection is displayed by lipids with chain length of ~14 carbon atoms and that the transfection efficiency strongly increases with an increase in chain unsaturation, specifically, upon replacement of saturated with monounsaturated chains [62] [63] [64] (Figure 4 ).
Conclusion
The rich diversity of membrane lipids and their ability to adopt various crystalline, gel and liquid-crystalline phases represent their most intriguing features involved in various cellular processes. The physiological importance of lipid diversity and mesomorphism stems from the possibility to fine-tune the biomembrane properties and modulate the lipid phase state in broad limits by altering 
